1. Introduction {#s0005}
===============

In any living organism, cellular redox homeostasis forms an important part of its defense mechanism. Instability in the normal redox state can cause toxic effects through the elevation in the formation of reactive oxygen species (ROS) such as superoxide anions, hydrogen peroxide, hydroxyl, peroxynitrite, alkoxy, and peroxy radicals. These free radicals species and peroxides damage major components of the cell, like nucleic acids, lipids, proteins and membranes [@bib1]. In order to maintain reducing milieu, efficient and diverse cellular defense mechanisms has been evolved by aerobic organisms including protozoan parasites.

*Leishmania donovani* is a unicellular protozoan parasite which causes neglected human disease known as visceral leishmaniasis (VL). It has a high fatality rate and is ranked next to malaria as the most deadly protozoan disease [@bib2]. These parasites successfully withstand the oxidative/nitrosative burst conditions faced during their digenetic life cycle alternating between motile promastigotes form in the sand fly (*Phlebotomus* spp.) vector and non-motile amastigotes form within the phagolysosomes of infected human macrophages [@bib3]. Efficient adaptation during different environmental conditions imposed by their life cycle stages largely depends upon trypanothione (T(SH)~2~) mediated redox homeostasis. T(SH)~2~ is a low molecular mass dithiol compound and participates actively in thiol-disulfide exchange reactions [@bib4], [@bib5], [@bib6]. As a precursor for the biosynthesis of glutathione (GSH) and trypanothione, cysteine may play a pivotal role in maintenance of redox homeostasis. Moreover, cysteine biosynthesis pathway of *Leishmania* is a potential drug target as it is different from human host and regulates downstream components of redox metabolism of the parasites essential for their survival, posing an effective approach to therapeutic intervention.

The first line drug for the treatment of leishmaniasis was pentavalent antimonials, but it is no more preferred for the treatment of VL patient in India due to wide spread drug resistance and relapse cases in Bihar; which contributes about 90% of the VL cases in India [@bib7]. Current drug regimens are liposomal preparation of Amphotericin B (Amp B) and miltefosine, alone or in combination; but recent reports of Amp B resistance [@bib8], [@bib9] have raised serious concerns over the future of Amp B therapy against VL. Polyene antibiotic Amp B alters membrane lipid profile and generates reactive oxygen species; which proves to be deleterious for the Amp B sensitive parasites and causes apoptotic cell death. Amp B resistant isolates alleviates the deleterious effects of ROS by retooling/orchestrating their trypanothione dependent thiol cascade mediated antioxidant defense mechanism [@bib8], [@bib10].

*L. donovani*, possess a unique dithiol T(SH)~2~ based redox homeostasis system, in contrast to their mammalian host which rely on catalase, glutathione reductase and selenium dependent glutathione peroxidase enzymes [@bib11], [@bib12]. T(SH)~2~ is synthesized by ATP-dependent conjugation of two molecules of glutathione and one molecule of spermidine in the presence of trypanothione synthetase (TryS). On the other hand, oxidized T(SH)~2~ is converted to its reduced form by trypanothione reductase (TryR) which solely relies upon availability of NADPH as electron donor [@bib13], [@bib14]. ROS detoxification in *Leishmania* heavily rely on the cascade of electron donor (NADPH; supplied through pentose phosphate pathway) and electron carriers involving T(SH)~2~ and several low molecular mass dithiol redox proteins [@bib13], [@bib15], [@bib16]. Among low molecular mass antioxidants proteins; tryparedoxin (TXN) and tryparedoxin peroxidase (TXNPx) proteins play a pivotal role in the regulation of metabolic reconfiguration against oxidative and nitrosative stress *viz.* reduction of hydrogen peroxide, hydroperoxides and peroxynitrite [@bib17], [@bib18]. Therefore, combined action of TryS, TryR, TXN and TXNPx helps to alleviate ROS and together they orchestrate redox metabolism of the parasites which is vital for their survival [@bib19].

Previously, we reported up-regulation of LdTryS expression in Amp B resistant *L. donovani* clinical isolates at both transcriptional and translational levels [@bib8], [@bib20]. In *T. brucei*, dsRNAi studies of TryS resulted in declined T(SH)~2~ and glutathionylspermidine (Gsp) level, growth arrest, impaired antioxidant capacity and infectivity [@bib21]. Conditional knock-out studies of TryR in *T. brucei* showed impaired parasite growth and viability with increased sensitivity to H~2~O~2~ and less virulence in mice [@bib22]. Further, in *T. brucei*, cytosolic cTXN knock down by dsRNAi resulted in increased sensitivity to hydroperoxides, alteration in morphology and impaired cell growth [@bib23], [@bib24]. Furthermore, dsRNAi studies carried out in *T. brucei* demonstrated the essentiality of cTXNPx; reduction in enzyme activity associated with impaired growth and increased sensitivity to hydroperoxides was observed [@bib24]. Over-expression studies of cTXNPx in *T. cruzi* [@bib25], [@bib26] and L. *chagasi* [@bib27] resulted in enhanced resistance towards free radical species. Recently, we also reported up-regulation of cTXN at translational level accompanied by enhanced peroxidase activity in Amp B resistant *L. donovani* clinical isolates [@bib18]. These findings suggest that TryS, TryR, TXN and TXNPx proteins have a pivotal role in drug resistance and redox homeostasis.

Cysteine forms the basic building block of all thiols and it is the precursor molecule for glutathione biosynthesis which in turn serves as the precursor for biosynthesis of trypanothione [@bib28], [@bib29]. Cysteine also serves as a precursor for the biosynthesis of important metabolites such as coenzyme A, enzyme cofactors and ubiquitous iron-sulfur clusters, which play various important roles in electron transfer, redox regulation, nitrogen fixation, and sensing for regulatory processes [@bib28], [@bib30], [@bib31]. Therefore, cysteine is physiologically associated with cell viability as well as oxidative stress tolerance, the factors of paramount importance for survival and virulence of *L. donovani*. In *Leishmania*, cysteine can be synthesized either by *de novo* cysteine biosynthesis pathway (with help of cysteine synthase and serine *O*-acetyltransferase) or by reverse transsulfuration pathway mediated by cystathionine *β*-synthase and cystathionine *γ*-lyase [@bib28], [@bib32], [@bib33]. Thus, the cysteine biosynthesis pathway plays a crucial role in maintaining a cysteine rich environment vital for detoxifying ROS. Moreover, an increased amount of cysteine, glutathione and trypanothione levels has been associated with antimonials resistance in *Leishmania* [@bib34], [@bib35]. But the potential role of cysteine biosynthesis pathway in drug resistance has never been investigated. Furthermore, cysteine biosynthesis pathway can potentially act as a checkpoint for downstream components of thiol based cellular redox metabolism of the parasites, which are essential for defense mechanism against oxidative stress and drug resistance [@bib20], [@bib34], [@bib35], [@bib36].

Being the precursor molecule in redox metabolism, an important role of cysteine synthase (CS) protein in regulation of redox homeostasis and acquisition of drug resistance is apprehended but remains to be proved. In the present study, we investigated the role of LdCS and downstream thiol proteins (LdTryS, LdTryR, LdcTXN) in the antioxidant defense system in response to oxidative stress by over-expressing cysteine synthase (LdCS) enzyme of cysteine biosynthesis pathway in Amp B sensitive strain of *L. donovani*. The results show that over-expression of LdCS in the parasites enhance their ability towards stress tolerance and is associated with up-regulated thiol pathway proteins and higher thiol content; envisaging crucial interplay between LdCS and thiol pathway proteins in regulating redox active thiol content of parasites and may be of fundamental importance for drug resistance mechanism. Further, we investigated the expression of LdCS protein in Amp B resistant field isolates including their different growth stages. We observed that LdCS is significantly up-regulated in Amp B resistant isolates and during stationary stages of growth, which is alike, other proteins of thiol metabolic pathway.

2. Materials and methods {#s0010}
========================

2.1. Chemicals and reagents {#s0015}
---------------------------

All chemicals of analytical grade or higher were purchased and used from Sigma-Aldrich, Amresco (USA), and USB (USA) unless otherwise stated. Gel extraction kit was purchased from Qiagen. Plasmids and restriction enzymes were purchased from Novagen and Fermentas, respectively.

2.2. Animal ethical statement {#s0020}
-----------------------------

Female BALB/c mice 6--8 weeks old was used for infectivity assessment after prior approval and procedure used was reviewed and approved by the Institutional Animal Ethical Committee (IAEC), (INT-10/29-12-2015), Rajendra Memorial Research Institute of Medical Sciences, Patna, Indian Council of Medical Research, New Delhi regulated by CPCSEA, Government of India, New Delhi. The RMRIMS, ICMR follows "The Guide for the Care and Use of Laboratory Animals", 8th edition by the Institute for Laboratory Animal Research.

2.3. Clinical isolates and parasites culture {#s0025}
--------------------------------------------

Drug resistant clinical isolates of *L. donovani* were obtained from the splenic aspirates of VL patients unresponsive to Amphotericin B (Amp B) treatment, in the indoor ward facility of RMRIMS, Patna, Bihar, India and these isolates were described earlier [@bib20]. The resistant isolates (henceforth designated, R1 & R2) as well as the reference sensitive strains (henceforth designated S1 and S2) were finally maintained in M199 medium supplemented with 10% fetal bovine serum, 25 mM HEPES buffer (pH 7.2), 100 units/ml penicillin and 100 µg/ml streptomycin. The culture was initiated at 1×10^5^ parasites/ml and grown at 24±1 °C in BOD incubator for 4--5 days before sub-culturing (late log phase).

2.4. Isolation of DNA {#s0030}
---------------------

Total DNA was isolated using standard protocols [@bib37] from 1×10^8^ *L. donovani* promastigotes using phenol/chloroform/isoamyl-alcohol method (25:24:1 v/v) followed by ethanol precipitation. The quality and quantity of DNA were assessed by agarose gel electrophoresis and spectrophotometer (Hitachi, Japan), respectively.

2.5. PCR amplification and cloning of LdCS in pXG-GFP^+^ {#s0035}
--------------------------------------------------------

Based on the nucleotide sequence of the protein-encoding region of the putative *Leishmania* cysteine synthase gene, primers were designed to clone LdCS in pXG-GFP^+^ [@bib38] vector to express LdCS as fusion proteins with a C-terminal GFP tag. The LdCS ORF was amplified by PCR from genomic DNA of *L. donovani* strain Ag83 using sense (5\`-ATAGGATCC**ATG**GCGGCACCGTTCGA-3\`) and an antisense (5\`- TAAGATATCGTCCTGCAGCTCCG-3\`) primers; the added *Bam*HI and *Eco*RV restriction sites are underlined, and the translation initiation codon is shown in bold. PCR was performed in a 50 μl reaction mixture containing 0.2 mM each dNTPs, 2.0 mM MgCl~2,~ 1.0 µM each primer, 1 µg of *L. donovani* (Ag83) genomic DNA and 1.0 U DNA polymerase with Taq buffer (+(NH~4~)~2~SO~4~). The conditions used to amplify the LdCS gene were hot start at 95 °C for 5 min, followed by the 30 cycles of denaturation at 94 °C for 1 min, annealing at 58 °C for 45 s and elongation at 72 °C for 1.0 min and a final extension at 72 °C for 10 min. The \~1.0 kb PCR product of LdCS was observed, on 1.0% agarose gel electrophoresis. LdCS amplified PCR products was double digested with *Bam*HI and *Eco*RV, purified with gel extraction kit (Qiagen), and cloned into *Bam*HI and *Eco*RV double digested pXG-GFP^+^ vector. The ligation mixture was transformed in competent *Escherichia coli* DH5α cells (Novagen) which produced the LdCS-GFP construct. The insert and ORF orientation of construct was confirmed by colony PCR. Construct plasmid was isolated using Qiagen Miniprep kit, according to manufacturer\'s instructions.

2.6. Transfection and characterization of LdCS-GFP {#s0040}
--------------------------------------------------

The construct LdCS-GFP was transfected by electroporation [@bib39] in the *L. donovani*-sensitive strain (S1) promastigotes and transformants selection was achieved with increasing concentrations of G418, upto a final concentration of 200 µg/ml. The culture was finally maintained in 150 µg/ml of G418. The parasites were characterized by immunoblot analysis with polyclonal anti-LdCS sera (1:3000) and LdCS enzymatic assay of LdCS-GFP over-expressor strain (henceforth designated, S1-OE).

2.7. *In vitro* drug sensitivity assay {#s0045}
--------------------------------------

*In vitro* drug sensitivity of wild type (S1) and over-expressor (S1-OE) strains of *L. donovani* was determined by incubating 1×10^6^ cells/ml parasites in M199 medium (supplemented with 10% FBS) with different concentrations of Amp B and Sodium stibogluconate (SAG) [@bib20]. Viable cells were counted in a hemocytometer (Rohem) by the Trypan blue exclusion method, after culturing for 24 h and inhibitory concentration (IC~50~) values were determined for both the wild type (S1) and S1-OE parasites. Results are expressed as means±SEM of three independent experiments.

2.8. MTT assay {#s0050}
--------------

MTT assay is a colorimetric assay for the measurement of metabolically active cells and was used for determining IC~50~ value of *L. donovani* treated with oxidative stress inducers (H~2~O~2~ and menadione). Briefly, *Leishmania* promastigotes (1×10^6^ cells/ml) were cultured in 24 well plates and treated with increasing concentrations of H~2~O~2~ and menadione. At regular 3 h intervals, cells were harvested and MTT assay was performed as described previously by our group [@bib20], [@bib40]. The percentage of cell viability was determined by comparing with untreated *L. donovani* parasites. The experiment was repeated thrice and results are expressed as means±SEM.

2.9. Measurement of protein carbonyl by immunoblotting and spectrophotometric assay {#s0055}
-----------------------------------------------------------------------------------

Proteins are the most liable targets of free radical species accumulated in the cells due to redox imbalance. Oxidative modification of the proteins has been reported to generate carbonyl groups on amino acid residues [@bib41], [@bib42]. We monitored the protein carbonyl content of total cell lysates by derivatization of the carbonyl groups with 2,4-dinitrophenylhydrazine (DNPH) and subsequently detected using an anti-DNPH antibody as described previously [@bib42], [@bib43], [@bib44]. Briefly, 30 µg proteins were incubated with DNPH (1 mM) in 2 M HCl for 20 min at room temperature to form the carbonyl derivative dinitrophenylhydrazone. Carbonylated proteins were separated on a 10% SDS-PAGE and immunoblotted on to a precharged (in 100% methanol) PVDF membrane. The membrane was probed with primary antibody anti-2, 4-dinitrophenol antibody (1:200 dilution) raised in rabbit. Alkaline phosphatase conjugated goat anti-rabbit IgG (Santa Cruz, 1:2000) was used as secondary antibody and blot developed with BCIP/NBT solution (Santa Cruz), as per manufacturer\'s instructions. Quantitative measurements of protein carbonylation were performed by spectrophotometric assay as described previously [@bib41], [@bib42], with minor modifications. Briefly, carbonylated proteins were precipitated with the addition of 30% trichloroacetic acid (w/v) and centrifuged at 12000×*g* for 5 min. Supernatant was discarded and the pellet was washed with ice cold ethanol and ethyl acetate solution (1:1 v/v). Finally the pellet was dissolved in 1 ml of 6 M guanidine HCl and the absorbance was measured at 360 nm. Protein carbonylation content was calculated using absorption coefficient of 22000 M^−1^ cm^−1^ and results were expressed as nmoles of carbonyl formed/mg of protein.

2.10. Quantitation of reactive oxygen species (ROS) {#s0060}
---------------------------------------------------

Intracellular ROS of each strain, at different stress conditions, was quantified using 2,7,-dichlorodihydrofluorescein diacetate (H~2~DCFDA, Sigma) as described previously [@bib9], [@bib44]. Briefly, 2×10^6^ cells/well were incubated with H~2~DCFH-DA (20 mM, dissolved in DMSO) at a final concentration of 20 µM for 30 min. The emission intensities of DCF (dichlorofluorescein) (deesterified and oxidized metabolite of H~2~DCFH-DA) were recorded after 30 min of incubation using a Cary Eclipse Fluorescence Spectrofluorimeter (Agilent technologies); using an excitation wavelength of 504 nm and an emission wavelength of 529 nm. The fluorescence intensity is directly proportional to the accumulated ROS and expressed in relative fluorescence unit (RFU). The experiment was repeated thrice and results are expressed as means±SEM.

2.11. Determination of total intracellular reduced thiol content {#s0065}
----------------------------------------------------------------

The level of total intracellular thiol was measured in deproteinized cell extracts of each strain, as described previously [@bib45]. Briefly, 1×10^8^ cells were harvested, washed with PBS buffer (pH 7.2), and resuspended in 0.6 ml of 25% trichloroacetic acid. After 10 min incubation on ice, the denatured proteins and cell debris was removed by centrifugation at 13000×*g* for 10 min at 4 °C. The thiol content of the supernatant solution was determined with 0.6 mM 5, 5-dithio-bis (2-nitrobenzoic acid) (DTNB, Ellman\'s reagent) in 0.2 M Na~3~PO~4~ buffer (pH 8.0). The concentration of DTNB derivatives of thiols was estimated spectrophotometrically at 412 nm. Results are expressed as means±SEM of three independent experiments.

2.12. Total lysate preparation and enzymatic assays {#s0070}
---------------------------------------------------

All the assays were performed with 50 µg total cell lysate proteins of each strain, with or without stress treatment, unless specified. Total lysates were prepared as described previously with some modifications [@bib46]. Briefly, parasites were harvested, washed twice with PBS and cell pellet was resuspended in lysis buffer containing PBS (pH 7.2), 1X protease inhibitor cocktail (Calbiochem) and 0.5 mg/ml digitonin. The suspension was subjected to 3--4 freeze thaw cycles and 2--3 brief pulses of sonication before centrifugation at 12000×*g* for 10 min. The amount of protein in the resulting supernatant was estimated by a dye-binding method [@bib47] using BSA as the standard protein. All the enzymatic assays were repeated thrice and results are expressed as means±SEM.

2.13. Ascorbate peroxidase (APx) assay {#s0075}
--------------------------------------

The assay was carried out as described previously [@bib48]. The rate of decomposition of ascorbic acid was measured for 5 min at 290 nm using a spectrophotometer (U3900, Hitachi, Japan) following addition of H~2~O~2~ and cell lysate to the reaction mixture. The rate of decomposition of ascorbic acid in the absence of enzyme source was taken as control. The enzyme activity was calculated as µmoles of ascorbate decomposed/min/mg protein.

2.14. Cysteine synthase assay {#s0080}
-----------------------------

Cysteine synthase (CS) activity was assayed by measuring the production of [L]{.smallcaps}-cysteine at 560 nm using UV--visible spectrophotometer (U3900, Hitachi, Japan), as described previously [@bib33], [@bib49]. Briefly, the reaction mixture containing 50 mM Tris-HCl (pH 7.5), 30.0 mM *O*-acetylserine, 3.0 mM sodium sulfide, 0.1 mM EDTA, and cell lysate was incubated at 37 °C for 30 min and then the reaction was quenched by addition of 50 μl of concentrated acetic acid. Freshly prepared 50 μl of ninhydrin reagent was added to the reaction mixtures and further incubated at 95 °C for 10 min. Finally, the reaction mixtures were cooled down on ice, diluted with 200 μl of ethanol and production of [L]{.smallcaps}-cysteine was measured at 560 nm using spectrophotometer. The enzyme activity was calculated as µmoles of cysteine produced/min/mg protein.

2.15. Glutathione S-transferase (GST) assay {#s0085}
-------------------------------------------

The GST assay was carried out as described previously [@bib44]. Reaction was initiated by the addition of 5 μl of 1-chloro-2,4-dinitrobenzene (100 mM stock) at a final concentration of 1 mM to the reaction mixture containing 100 mM phosphate buffered saline (pH 7.4), 5 μl of reduced glutathione (200 mM) and cell lysate. The rate of increase in the absorption of GS-DNB (glutathione-dinitrobenzene) conjugate following addition of cell lysate and 1-chloro-2,4-dinitrobenzene to the reaction mixture was recorded for 5 min at 340 nm using a spectrophotometer (U3900, Hitachi, Japan). The rate of increase in the absorption of the conjugate in the absence of the cell lysate was used as the reaction control. The enzyme activity was calculated as µmoles of GS-DNB conjugate formed/min/mg protein.

2.16. Superoxide dismutase (SOD) assay {#s0090}
--------------------------------------

The assay was carried out as described previously [@bib50]. The reaction was initiated by the addition of 50 μl of NH~2~OH.HCl (1 mM) at a final concentration of 0.1 mM to the reaction mixture containing sodium carbonate (50 mM), EDTA (0.1 mM), nitro blue tetrazolium (NBT) (24 μM), Triton X-100 (0.03%) and cell lysate. The rate of reduction of NBT following addition of NH~2~OH·HCl was recorded for 5 min at 560 nm using a spectrophotometer (U3900, Hitachi, Japan). The rate of reduction of NBT in the absence of the cell lysate was used as control. The enzyme activity was calculated as the percentage of inhibition in the reduction of NBT.

2.17. Trypanothione dependent peroxidase assay {#s0095}
----------------------------------------------

T(SH)~2~ dependent peroxidase activity assay was carried out as described previously [@bib18], [@bib51]. The rate of oxidation of NADPH was measured for 5 min at 340 nm using a spectrophotometer (U3900, Hitachi, Japan) followed by the addition of H~2~O~2~ and cell lysate to the reaction mixture. The rate of oxidation of NADPH in the absence of enzyme source was taken as control. The enzyme activity was calculated as nmoles of H~2~O~2~ consumed/min/mg protein.

2.18. Analysis of LdCS and thiol pathway proteins expression under oxidative stress by immunoblot analysis {#s0100}
----------------------------------------------------------------------------------------------------------

*L. donovani* promastigotes (S1 and S1-OE) in late log phase were treated with different concentration of H~2~O~2~ (25 µM, 50 µM and 100 µM) and menadione (1 µM, 2.5 µM and 5 µM) for 6 h. Cells were harvested and total lysates was prepared as described previously by our group [@bib9]. The membrane was probed with polyclonal α-LdCS sera (1:3000), α-LdTryS sera (1:3000), α-LdTryR sera (1:3000) and α-LdcTXN (cytosolic) sera (1:3000). α-LdActin (1:2000) antibody was used as a loading control. Alkaline phosphatase conjugated goat anti-rabbit IgG (Santa Cruz, 1:4000) was used as secondary antibody and blots were developed with BCIP/NBT solution (Santa Cruz), as per manufacturer\'s instructions. Densitometry analyses of the immunoblots were performed using Image J software (<http://imagej.nih.gov/ij>) and relative band intensity was plotted.

2.19. Expression level variation between Amp B sensitive and resistant isolates during logarithmic and stationary phases {#s0105}
------------------------------------------------------------------------------------------------------------------------

Promastigotes of each strain were seeded at 1×10^5^ cells/ml in M199 media supplemented with 10% FBS and allowed to grow in a B.O.D. incubator at 24 °C. The parasites were harvested during logarithmic (3rd day) and stationary stage (6th day) of growth, washed twice with PBS; and used for enzymatic assay and immunoblot analysis with total lysates prepared as described previously [@bib9]. The membrane was probed with polyclonal anti-LdCS sera (1:3000) raised in rabbit. Alkaline phosphatase conjugated goat anti-rabbit IgG (Santa Cruz, 1:4000) was used as secondary antibody and blot developed with BCIP/NBT solution (Santa Cruz), as per manufacturer\'s instructions. Densitometry analysis of the immunoblots was performed using Image J software (<http://imagej.nih.gov/ij>) and relative band intensity was plotted. Anti-LdActin antibody, used as a loading control, was a kind gift from Dr. Amogh A. Sahasrabuddhe, CDRI, Lucknow, India.

2.20. *Ex vivo* infectivity assessment {#s0110}
--------------------------------------

Peritoneal macrophages were isolated from starch induced BALB/c mice, harvested and seeded on cover-slips at a density of 1×10^6^ cells/ml in a 6-well flat bottom culture plates (Nunc, USA) in RPMI 1640 medium with 10% FBS overnight at 37 °C in 5% CO~2~ incubator [@bib52]. Then, all wells were washed twice with PBS buffer (pH 7.2) or serum free medium to remove non-adherent cells and then infection was performed with *L. donovani* promastigotes at a ratio of 10:1 (parasite: macrophages). Non-internalized parasites were washed with RPMI 1640 medium only after 2 h of co-incubation. Infected macrophages were further incubated for 12 & 24 h at 37 °C in 5% CO~2~ incubator. The culture medium was removed and cells were washed twice with sterile PBS buffer (pH 7.2) after 12 and 24 h of infection. Finally, cover-slips were fixed with methanol, stained with Giemsa and visualized with light microscopy using an Olympus BX41 optical microscope at 100X. The numbers of infected and non-infected cells were determined \>300 macrophages per cover-slip and 100 macrophages per cover-slip counted to identify the percentage of infectivity. Further, Giemsa stained amastigotes per 100 infected macrophages were also counted after 12 and 24 h of infection. The experiment was repeated thrice and percentage of infection is expressed as means±SEM.

2.21. Statistical analysis {#s0115}
--------------------------

Statistical analysis was carried out using GraphPad Prism 5.0 software (GraphPad Software Inc., La Jolla, CA, USA). Student\'s *t*-test was used to estimate the statistical significance of the differences between groups. Differences between groups were considered statistically significant when p value was less than 0.05 (\*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001).

3. Results {#s0120}
==========

3.1. Over-expression of LdCS in *L. donovani* parasites {#s0125}
-------------------------------------------------------

To elucidate the role of LdCS in imparting stress tolerance and drug resistance, we cloned LdCS gene into pXG-GFP^+^ vector and transfected the construct in sensitive *L. donovani* strain (henceforth designated, S1-OE). The presence of the LdCS gene in transfected parasites was confirmed by immunoblot analysis with polyclonal anti-LdCS sera which recognized a band of \~62 kDa in transfected parasites (S1-OE) corresponding to the predicted size of LdCS (\~35 kDa) plus additional 26 kDa GFP tag ([Fig. 1](#f0005){ref-type="fig"}A, lane 3). The specific band of \~35 kDa corresponding to the endogenous LdCS was also observed ([Fig. 1](#f0005){ref-type="fig"}A, lane 2 and 3) in the lysate fractions of wild type strain (S1) and over-expressed strain (S1-OE), respectively. As expected, S1-OE exhibited \~1.8 fold higher LdCS enzyme activity as compared to the S1 strain ([Fig. 1](#f0005){ref-type="fig"}B) which confirmed the over-expression of active LdCS enzyme in the transfected parasites.Fig. 1Characterization of LdCS over-expressor in Amp B sensitive strain of *L. donovani*. (**A**) Immunoblot analysis of LdCS in total lysates of sensitive (S1) and LdCS over-expressor (S1-OE) strains. Lane 1, protein marker; Lane 2 and 3, total lysates of S1 and S1-OE strains. α-LdActin was used as a protein loading control. (**B**) Fold change in cysteine synthase activity of S1-OE strain as compared to S1 strain. \*\*, p\<0.01; by Student\'s *t*-test using GraphPad Prism 5.0.Fig. 1.

3.2. Over-expression of LdCS confers Amp B and SAG resistance to the sensitive *L. donovani* parasites {#s0130}
------------------------------------------------------------------------------------------------------

As reported earlier, an increased content of thiol moieties (cysteine, glutathione and trypanothione) have been associated with drug resistance [@bib34], [@bib35], [@bib36]. To investigate the role of cysteine biosynthesis pathway in drug resistance, the sensitivity (IC~50~) of LdCS over-expressor (S1-OE) and wild type (S1) parasites to Amp B and SAG were determined. It was found that S1-OE parasites showed better survival rate under drug pressure ([Fig. 2](#f0010){ref-type="fig"}A and C) with an IC~50~ value of \~55 ng/ml and \~120 µg/ml for Amp B ([Fig. 2](#f0010){ref-type="fig"}B) and SAG ([Fig. 2](#f0010){ref-type="fig"}D), respectively, as compared to S1 parasites which showed IC~50~ of \~24 ng/ml and \~56 µg/ml for Amp B ([Fig. 2](#f0010){ref-type="fig"}B) and SAG ([Fig. 2](#f0010){ref-type="fig"}D), respectively. Thus, S1-OE parasites exhibit \~2 fold higher IC~50~ for both Amp B and SAG as compared to S1 parasites. In summary, antileishmanial drugs (Amp B and SAG) showed a higher IC~50~ against S1-OE parasites as compared to wild type; suggesting that S1-OE parasites are better tolerant towards drug pressure. Thus, over-expression of LdCS has a crucial role in modulating/regulating thiol mediated drug resistance in *L. donovani* parasites.Fig. 2Drug sensitivity profile of wild type (S1) and (S1-OE) parasites. 1×10^6^ parasites were subjected to increasing concentration of drugs (Amphotericin B and Sodium stibogluconate) for 24 h and cell viability determined by trypan blue exclusion method. (A) Amphotericin B (Amp B) concentrations ranging from 0 to 150 ng/ml was used for determination of cell viability for both wild type (S1) and (S1-OE) parasites. (B) Amp B IC~50~ values of wild type (S1) and (S1-OE) parasites. (C) Sodium stibogluconate (SAG) concentrations ranging from 0 to 260 µg/ml was used for determination of cell viability for both wild type (S1) and (S1-OE) parasites. (D) SAG IC~50~ values of wild type (S1) and (S1-OE) parasites. Results are expressed as means±SEM of three independent experiments. \*, p\<0.05; by Student\'s *t*-test using GraphPad Prism 5.0.Fig. 2.

3.3. LdCS over-expression enhances the tolerance to oxidative stress inducers {#s0135}
-----------------------------------------------------------------------------

Both Amp B and SAG have been shown to induce ROS-mediated antileishmanial activity [@bib6], [@bib53], [@bib54] whereas tolerance to oxidants, such as H~2~O~2~ and menadione, have been associated with drug resistance in *Leishmania* [@bib35], [@bib43]. Moreover, up-regulation of several proteins of thiol pathway has been implicated in imparting stress tolerance and acquisition of drug resistance by the parasites [@bib18], [@bib20], [@bib40]. To explore a potentially similar mechanism of acquisition of drug resistance by S1-OE parasites, the stress tolerance sensitivity of S1 and S1-OE towards different oxidants were determined by comparing their cell viability at regular intervals of 3 h after treatment with increasing concentrations of oxidants. Although, the cell viability of both S1-OE and S1 parasites decreased in a time and concentration dependent manner, S1-OE parasites consistently displayed higher cell viability for all the tested doses and time durations as compared to S1 parasites. For example, addition of 100 µM H~2~O~2~ and 5 µM menadione to S1- OE parasites for 9 h resulted in \~75% viable cells as compared to \~50% in wild type (S1) parasites ([Fig. 3](#f0015){ref-type="fig"}A, B, C and D). Even after treatment with high doses of 200--400 µM H~2~O~2~ and 10--20 µM menadione, S1-OE parasites displayed \~30% cell viability as compared to \~5% in S1 parasites at the end of 18 h ([Fig. 3](#f0015){ref-type="fig"}A, B, C and D). The deduced IC~50~ values of S1-OE towards H~2~O~2~ and menadione was found to be 217±8.7 µM and 13.5±2.2 µM, respectively, which was \~1.87 and \~1.95 fold higher than S1 parasites ([Fig. 3](#f0015){ref-type="fig"}E and F). Thus, the results showed that over-expression of LdCS enhance the oxidative stress tolerance of the parasites indicating its role in redox homeostasis.Fig. 3Analysis of cell viability of wild type (S1) and LdCS over-expressor (S1-OE) strains using MTT based assay exposed to lethal doses of ROS inducers H~2~O~2~ and menadione. (A and C) Percentage of viable wild type (S1) and S1-OE strain promastigotes after exposure to increasing concentrations of H~2~O~2~ (10--400 µM) for a period of 18 h, respectively. (B and D) Percentage of viable wild type (S1) and S1-OE strain promastigotes after exposure to increasing concentrations of menadione (1--20 µM) for a period of 18 h respectively. (E and F) IC~50~ values of H~2~O~2~ and menadione were determined between wild type (S1) and S1-OE parasites after a period of 9 h. Untreated parasites were used as a control in the experiment. Results are expressed as means±SEM of three independent experiments. \*, p\<0.05; \*\*, p\<0.01; by Student\'s *t*-test using GraphPad Prism 5.0.Fig. 3.

3.4. Over-expression of LdCS prevents oxidative stress induced carbonylation of proteins {#s0140}
----------------------------------------------------------------------------------------

Oxidative stress induces the formation of carbonyl groups on proteins and has been widely considered as the biomarker of protein oxidation within the cells [@bib41], [@bib42]. To confirm the stress tolerance induced by LdCS over-expression, both S1 and S1-OE parasites were treated with lethal doses of H~2~O~2~ (100 µM) and menadione (5 µM) for 6 h; the carbonyl groups on amino acid residues derivatized using DNPH and subsequently immunoblotted using anti-DNPH antibody. Western blot analysis showed that in the case of the S1 parasites, higher oxidative stress resulted in a higher level of protein carbonylation and greater oxidative damage to intracellular proteins ([Fig. 4](#f0020){ref-type="fig"}A and B) as compared to S1-OE parasites. No significant differences were observed in the carbonylation pattern of the proteins in the untreated parasites for both the strains (S1 and S1-OE) ([Fig. 4](#f0020){ref-type="fig"}A and B). Also, quantitative measurements of protein carbonylation by spectrophotometric assay revealed that carbonyl content of proteins in S1 parasites after treatment with H~2~O~2~ (100 µM) and menadione (5 µM) for 6 h was \~2.3 and \~2.1 folds higher as compared to S1-OE parasites, respectively ([Fig. 4](#f0020){ref-type="fig"}C). Again, no significant differences were observed in the carbonyl content of the proteins in the untreated parasites for both the strains (S1 and S1-OE) (data not shown). Altogether, the results provided conclusive evidence that over-expression of LdCS protects *Leishmania* parasites against oxidative damage of proteins caused by ROS.Fig. 4Oxidative damage to proteins. (A and B) Immunoblotting using an anti-DNPH antibody to detect oxidative damage to intracellular proteins in wild type (S1) and (S1-OE) parasites untreated and after exposure to H~2~O~2~ (100 µM) and menadione (5 µM) for 6 h, respectively. Lanes S1 and S1-OE represent 30 µg total cell lysate proteins of respective strains of *L*. *donovani* loaded in each well. H0 and M0 represent untreated controls. H100 and M5 represent total cell lysates treated with H~2~O~2~ (100 µM) and menadione (5 µM) for 6 h respectively. (C) Spectrophotometric quantitation of the protein carbonyls in total cell lysates of wild type (S1) and (S1-OE) parasites treated with H~2~O~2~ (100 µM) and menadione (5 µM) for 6 h. Results are expressed as means±SEM of three independent experiments. \*, p\<0.05; by Student\'s *t*-test using GraphPad Prism 5.0.Fig. 4.

3.5. LdCS over-expressing (S1-OE) parasites alleviates the lethal increase in intracellular ROS levels by efficiently up-regulating the thiol pool {#s0145}
--------------------------------------------------------------------------------------------------------------------------------------------------

To investigate the impact of LdCS over-expression on the thiol content and/or its regulation in response to ROS, total intracellular reduced thiol content and ROS were measured in S1-OE and S1 parasites after treatment with increasing concentrations of H~2~O~2~ (25 µM, 50 µM and 100 µM) and menadione (1 µM, 2.5 µM and 5 µM). It was observed that on treatment with 100 µM H~2~O~2~ and 5 µM menadione, S1-OE parasites accumulated \~1.6 and \~2.1 fold lesser intracellular ROS ([Fig. 5](#f0025){ref-type="fig"}A and B) and \~2.2 and \~2.0 fold higher thiol content ([Fig. 5](#f0025){ref-type="fig"}C and D), respectively, after 6 h treatment as compared to S1 cells. Thus, our results showed that S1-OE parasites exhibit more efficient thiol-based ROS quenching machinery indicating the role of up-regulated LdCS in modulation of redox homeostasis machinery of *Leishmania* culminating into enhanced stress tolerance and drug resistance.Fig. 5Determination of intracellular ROS and thiol content of S1 and S1-OE parasites exposed to ROS inducers (H~2~O~2~ and menadione). (A and B) Wild type (S1) & (S1-OE) parasites were exposed to lethal doses of H~2~O~2~ (25 µM, 50 µM and 100 µM) and menadione (1 µM, 2.5 µM and 5 µM) for 6 h and intracellular ROS were measured using Spectrofluorimeter. S1-OE parasites accumulated lesser intracellular ROS than wild type (S1) parasites upon exposure to lethal doses of oxidants. (C and D) Measurement of reduced intracellular thiol levels in wild type (S1) and S1-OE parasites after treatment with H~2~O~2~ and menadione for a period of 6 h. Results are expressed as means±SEM of three independent experiments. \*, p\<0.05; \*\*, p\<0.01; by Student\'s *t*-test using GraphPad Prism 5.0.Fig. 5.

3.6. LdCS over-expression augments the ROS-primed up-regulation of antioxidant enzyme activities {#s0150}
------------------------------------------------------------------------------------------------

Apart from thiol content, antioxidant enzymes also play a vital role in inducing tolerance to oxidative stress. In order to ascertain the impact of LdCS over-expression on the stress induced modulation of antioxidant enzymes activities of CS, T(SH)~2~-dependent peroxidase, superoxide dismutase (SOD), glutathione-S-transferase (GST) and ascorbate peroxidase (APx) enzymes were measured in the cell lysates of S1 and S1-OE parasites exposed to lethal doses of H~2~O~2~ (100 µM) and menadione (5 µM) for 6 h. On treatment with ROS inducers (H~2~O~2~ and menadione), S1 parasites showed a reduction in antioxidant enzyme activities, whereas, similar treatment to S1-OE parasites elicited strong and significant up-regulation of antioxidant enzyme activities ([Fig. 6](#f0030){ref-type="fig"}). Notably, the enzyme activities of LdCS ([Fig. 6](#f0030){ref-type="fig"}A), T(SH)~2~-dependent peroxidase ([Fig. 6](#f0030){ref-type="fig"}B), SOD ([Fig. 6](#f0030){ref-type="fig"}C), GST ([Fig. 6](#f0030){ref-type="fig"}D) and APx ([Fig. 6](#f0030){ref-type="fig"}E) on treatment with H~2~O~2~ (100 µM) and menadione (5 µM) were found to be up-regulated by \~2.1, \~1.9, \~1.7, \~1.8, \~1.8 and \~1.8, \~1.7, \~1.9, \~2, \~2.1 fold, respectively, in S1-OE parasites as compared to S1 parasites. Conspicuously, the observed antioxidant enzyme activities were found to be inversely correlated with the build-up of ROS ([Fig. 5](#f0025){ref-type="fig"}A and B) and protein carbonylation ([Fig. 4](#f0020){ref-type="fig"}). Thus, the results show that LdCS over-expression induces the ROS-primed up-regulation of antioxidant activity in *Leishmania* indicating the impact of LdCS up-regulation on redox homeostasis efficiency of *Leishmania* and its potential role in imparting attributes favorable for drug resistance in the parasite.Fig. 6Assay of LdCS activity and antioxidant enzymes in wild type (S1) and over-expressor (S1-OE) parasites. Wild type (S1) and (S1-OE) parasites were exposed to lethal dose of H~2~O~2~ (100 µM) and menadione (5 µM) for 6 h and total lysates were prepared and enzyme activities were measures as described in materials and methods section. (A) Measurement of cysteine synthase activity. (B) Measurement of trypanothione dependent peroxidase activity. (C) Measurement of SOD activity. (D) Measurement of ascorbate peroxidase activity. (E) Measurement of GST activity. Results are expressed as means±SEM of three independent experiments. \*, p\<0.05; \*\*, p\<0.01; by Student\'s *t*-test using GraphPad Prism 5.0.Fig. 6.

3.7. ROS directly induces the up-regulation of LdCS accompanied by thiol pathway proteins {#s0155}
-----------------------------------------------------------------------------------------

Although ROS is gaining widespread recognition as a signaling molecule in higher eukaryotes but the same is not yet established in pathogenic *Leishmania* parasites. Given the ROS-perplexed life cycle of *Leishmania*, we were interested in deciphering the ROS driven metabolic reconfiguration of LdCS and thiol machinery proteins in *Leishmania*. To gain insight into the regulatory network of LdCS in corroboration with thiol pathway because thiol pathway plays a pivotal role in redox homeostasis of *Leishmania.* Thus, S1 parasites were exposed to various doses of H~2~O~2~ (25 µM, 50 µM and 100 µM) and menadione (1 µM, 2.5 µM and 5 µM) for 6 h and subjected to immunoblot analysis ([Fig. 7](#f0035){ref-type="fig"}A and C). A dose-dependent up-regulation of LdCS and different thiol metabolic pathway proteins *viz.* LdTryS, LdTryR and LdcTXN were observed after treatment with H~2~O~2~ as well as menadione, except at lethal doses ([Fig. 7](#f0035){ref-type="fig"}B and D). The coercive and cohesive up-regulation of these proteins by ROS inducers indicates the role of ROS in regulating the expression levels of these proteins; probably, in an effort to alleviate the lethal effects of ROS. Moreover, the results also indicate the putative association between LdCS and thiol pathway proteins in sustaining the oxidative stress conditions by the parasite.Fig. 7ROS inducers (H~2~O~2~ and menadione) induce dose-dependent induction of LdCS and thiol pathway proteins (LdTryS, LdTryR and LdcTXN) expression in *L. donovani*. (A and C) Total cell lysates prepared from S1 parasites exposed to lethal doses of H~2~O~2~ (25 µM, 50 µM and 100 µM) and menadione (1 µM, 2.5 µM and 5 µM) for 6 h were resolved on 10% SDS-PAGE and subjected to western blot analysis using α-LdCS, α-LdTryS, α-LdTryR, α-LdcTXN and α-LdActin antibodies, respectively. (B and D) Relative band intensities were determined by densitometric analysis and fold change in the expression of LdCS, LdTryS, and LdTryR & LdcTXN in S1 parasites exposed to lethal doses of H~2~O~2~ and menadione were graphically represented as means±SEM of three independent sets of experiments. Untreated parasites were used as control in the experiment. \*, p\<0.05; \*\*, p\<0.01; by Student\'s *t*-test using GraphPad Prism 5.0.Fig. 7.

3.8. LdCS over-expression enhances the tolerance under oxidative stress due to higher expression of endogenous LdCS as well as thiol pathway proteins {#s0160}
-----------------------------------------------------------------------------------------------------------------------------------------------------

Gaining insight from the observed up-regulation of LdCS and thiol pathway proteins on treatment with ROS inducers, we further investigated the retrospective impact of LdCS over-expression on stress tolerance and thiol pathway proteins. Thus, we utilized the S1-OE strain over-expressing LdCS protein by subjecting them to immunoblot analysis with or without treatment with H~2~O~2~ (25 µM, 50 µM and 100 µM) and menadione (1 µM, 2.5 µM and 5 µM) for 6 h ([Fig. 8](#f0040){ref-type="fig"}A and C). On ROS treatment, a further induction in the expression of endogenous LdCS, LdCS-GFP as well as thiol pathway proteins was observed. Interestingly, we observed a significant up-regulation of LdCS-GFP, LdCS, LdTryS, LdTryR and LdcTXN proteins of thiol pathway in the S1-OE parasites even at the lethal doses ([Fig. 8](#f0040){ref-type="fig"}B and D). Also, fluorescence microscopy analysis of S1-OE parasites ([Fig. 8](#f0040){ref-type="fig"}E) showed a visible dose dependent induction of LdCS-GFP after treatment with H~2~O~2~ and menadione. Notably, the magnitude of LdCS-GFP fluorescence was highest at maximum tested doses of H~2~O~2~ (100 µM) and menadione (5 µM) ([Fig. 8](#f0040){ref-type="fig"}E). Precisely, the results indicate two points: 1) LdCS serves a regulatory role for downstream thiol proteins and can independently modulate the thiol pathway. 2) LdCS over-expression (up-regulation) armors the parasite with enhanced ROS-primed up-regulation of thiol proteins as well as LdCS; which emphasize the potential role of CS in stress tolerance and drug resistance mechanism *viz.* up-regulated thiol metabolic pathway proteins associated with higher thiol content.Fig. 8LdCS over-expression primed modulation of endogenous LdCS as well as thiol pathway proteins (LdTryS, LdTryR and LdcTXN) in *L. donovani* under oxidative stress. (A and C) Total cell lysates prepared from S1-OE parasites exposed to lethal doses of H~2~O~2~ (25 µM, 50 µM and 100 µM) and menadione (1 µM, 2.5 µM and 5 µM) for 6 h were separated on 10% SDS-PAGE and subjected to western blot analysis using α-LdCS, α-LdTryS, α-LdTryR, α-LdcTXN and α-LdActin antibodies, respectively. (B and D) Relative band intensities were determined by densitometric analysis and fold change in the expression of LdCS-GFP, LdCS, LdTryS, LdTryR and LdcTXN in S1-OE parasites exposed to lethal doses of H~2~O~2~ and menadione were graphically represented as means±SEM of three independent sets of experiments. Untreated parasites were used as a control in the experiment. \*, p\<0.05; \*\*, p\<0.01; by Student\'s *t*-test using GraphPad Prism 5.0. (E) Fluorescence microscopy image of S1-OE parasites over-expressing LdCS-GFP protein treated with H~2~O~2~ (25 µM, 50 µM and 100 µM) and menadione (1 µM, 2.5 µM and 5 µM) for 6 h. Untreated parasites were used as a control. ,.Fig. 8.

3.9. LdCS is up-regulated in Amp B resistant isolates as compared to sensitive strains of *L. donovani* {#s0165}
-------------------------------------------------------------------------------------------------------

To cross validate our observations regarding the role of LdCS protein in drug resistance, we used clinical isolates of Amp B resistant parasites available in our laboratory and investigated the expression of LdCS protein in Amp B sensitive (S1 and S2) vs. resistant isolates (R1 and R2) in their logarithmic (log) vs. stationary stages (stat) by immunoblotting followed by densitometric analysis. As shown in [Fig. 9](#f0045){ref-type="fig"}A, the expression of LdCS protein was observed to be significantly higher in the resistant isolates as compared to the sensitive strains during both stages of growth indicating an apparent association between LdCS and drug resistance. The densitometric analysis showed \~1.8 fold up-regulation of LdCS expression in resistant isolates as compare to sensitive strains in the log phase ([Fig. 9](#f0045){ref-type="fig"}B) and \~1.4 fold up-regulation in the stat stage ([Fig. 9](#f0045){ref-type="fig"}C). Thus, the results indicate that LdCS expression is up-regulated in resistant isolates and during stationary stage of growth. An up-regulation of LdCS protein is expected to be manifested by a proportional increase in CS activity. To validate the qualitative as well as quantitative nature of up-regulation, we investigated LdCS enzyme activity in sensitive vs. resistant isolates during log and stat stages of growth. As shown in [Fig. 9](#f0045){ref-type="fig"}D, both the resistant isolates, R1 & R2, displayed a significant 65--70% higher activity as compared to either of the sensitive strains, S1 and S2 (P\<0.001), during log stage and 50--55% higher activity in stationary stages ([Fig. 9](#f0045){ref-type="fig"}E). Thus, stationary stages invariably displayed a significantly higher CS activity as compared to logarithmic stages of growth; \~2 fold in sensitive strains and \~ 1.5 fold in resistant isolates. These results show that Amp B resistant clinical isolates have up-regulated LdCS expression and activity which further support our observations of enhanced drug resistance in S1-OE parasites.Fig. 9Expression level of LdCS during logarithmic (log) and stationary (stat) stages of growth. (A) Immunoblot analysis of LdCS in total lysates of sensitive strains (S1 and S2) and resistant isolates (R1 and R2) during logarithmic and stationary growth stages. Lanes S1, S2, R1 and R2 represent 30 µg total cell lysate proteins of respective strains/isolates of *L*. *donovani* loaded into each well. α-LdActin was used as a protein loading control. (B and C) Densitometry analysis of immunoblot after normalization showing fold up-regulation of LdCS expression in *L. donovani* strains during logarithmic and stationary stages. (D) Densitometry analysis of immunoblot after normalization showing fold change of LdCS expression in stationary as compared to logarithmic stage in *L*. *donovani* strains. The fold change in LdCS expression during logarithmic vs. stationary stage of growth is higher in sensitive strains (S1 and S2) as compare to the resistant isolates (R1 and R2). The percentage change in LdCS activity during logarithmic (E) and stationary (F) stages of growth in sensitive strains (S1 and S2) and resistant isolates (R1 and R2) is represented. Sensitive strains show significant decrease in LdCS activity as compared to resistant isolates. (G) The fold change in cysteine synthase activity in logarithmic vs. stationary stage of growth is higher in sensitive strains (S1 and S2) as compare to the resistant isolates (R1 and R2). Results are expressed as means±SEM of three independent experiments. \*, p\<0.05; \*\*, p\<0.01; \*\*\*, p\<0.001; ns, non-significant by Student\'s *t*-test using GraphPad Prism 5.0.Fig. 9.

3.10. Higher intracellular reduced thiol levels is present in Amp B resistant isolates of *L. donovani* {#s0170}
-------------------------------------------------------------------------------------------------------

An up-regulated CS activity is expected to be associated with a higher level of downstream products and thiol content is one such vital and prominent end product whose biosynthesis may potentially depend on CS activity. To elucidate the correlation between CS activity and thiol level, total intracellular reduced thiol content during logarithmic and stationary stages of sensitive and resistant isolates was measured. As shown in [Fig. 10](#f0050){ref-type="fig"}, the thiol content was observed to be significantly higher in the resistant isolates R1 & R2, as compared to the sensitive strains S1 & S2, during both stages of growth, \~2 fold up-regulation in the log phase and \~1.5 fold up-regulation in the stat stage. Stage-wise, the thiol content was \~2 fold higher in sensitive strains of stat stage and \~1.5 fold higher in resistant isolates of stat stage as compared to their respective log stage. Importantly, a good positive correlation was observed between intracellular thiol levels and CS protein expression/activity, irrespective of growth stage and strain sensitivity. Previously, up-regulation of thiol pathway proteins [@bib8], [@bib20], [@bib36] as well as thiol content [@bib8], [@bib34], [@bib35] have been associated with drug resistance and virulence. Our results on physiologically relevant models suggests a potential role of LdCS in regulating thiol biosynthesis; which is a paramount factor for acquisition of drug resistance and hence, redox homeostasis in *Leishmania*.Fig. 10Analysis of reduced intracellular thiol levels during logarithmic (log) and stationary (stat) stages of growth. The fold changes in thiol content of sensitive strains (S1 and S2) and clinical Amp B resistant isolates (R1 and R2) during logarithmic vs. stationary stage of growth. Results are expressed as means±SEM of three independent experiments. \*\*, p\<0.01; \*\*\*, p\<0.001; by Student\'s *t*-test using GraphPad Prism 5.0.Fig. 10.

3.11. Over-expression of LdCS in *L. donovani* increases infectivity {#s0175}
--------------------------------------------------------------------

To elucidate the role of LdCS in counteracting the hostile conditions inside the macrophage during infection, we used an *ex vivo* model to compare the macrophage infectivity of S1 and S1-OE parasites. Peritoneal macrophages isolated from starch induced BALB/c mice were infected with S1 and S1-OE parasites. To check the integrity of the isolated macrophages, we also kept a control set of uninfected macrophages ([Fig. 11](#f0055){ref-type="fig"}). Giemsa-stained microscopic pictures of uninfected macrophages (I), macrophages infected with S1 (II) and S1-OE (III) parasites ([Fig. 11](#f0055){ref-type="fig"}A) showed that S1-OE parasites exhibit more infection as well as number of amastigotes inside the macrophages as compare to wild type (S1) parasites. To identify the differences in infectivity and rate of infection of both types of parasites, we counted infected and non-infected macrophages. S1-OE parasites showed significantly higher (\~2.0 fold, p\<0.01) percentage of macrophages infectivity (\~90%) as compared to S1 parasites (\~48%) ([Fig. 11](#f0055){ref-type="fig"}B). This significant difference in macrophages infectivity was also evident by the increase in the number of amastigotes per infected macrophage. After 12 h of infection with S1 and S1-OE parasites, numbers of amastigotes per 100 infected macrophages were found to be 279±34 and 651±39, respectively. Similarly, after 24 h of infection with S1 and S1-OE parasites, numbers of amastigotes per 100 infected macrophages were found to be 381±37 and 760±54, respectively ([Fig. 11](#f0055){ref-type="fig"}C). Thus, the number of amastigotes per infected macrophage was \~2.2 fold (p\<0.01) higher with S1-OE parasites when compared to S1 parasites which is highly significant. Moreover, our results show that from 12 h to 24 h time period, the parasites did not show any significant change except 10--15% increase in number of amastigotes. Taken together, these results demonstrate that LdCS over-expression increases the infectivity of *L*. *donovani* parasites suggesting its potential role in survival under oxidative stress conditions inside macrophages.Fig. 11*Ex vivo* infectivity assessment of S1 and S1-OE parasites inside the macrophages. Mouse peritoneal macrophages were infected with S1 and S1-OE parasites. (A) Giemsa-stained microscopic pictures of uninfected macrophages (I), macrophages infected with S1 (II) and S1-OE (III) parasites, respectively; black arrows pointing towards amastigotes. (B) Giemsa-stained infected macrophages were counted after 12 & 24 h of infection and the results are represented as the percentage of infected macrophages. (C) Giemsa-stained amastigotes per 100 infected macrophages were counted after 12 and 24 h under a light microscopy using an Olympus BX41 optical microscope at 100X. Results are expressed as means±SEM of three independent experiments. \*\*, p\<0.01; by Student\'s *t*-test using GraphPad Prism 5.0.Fig. 11.

4. Discussion {#s0180}
=============

Thiol metabolic pathway proteins orchestrate the antioxidant machinery in trypanosomatids by maintaining a reduced intracellular milieu. They protect against oxidative damage, maintain intracellular redox homeostasis and are also responsible for the maintenance of a reduced trypanothione pool in trypanosomes; essential for their survival, pathogenicity and drug resistance [@bib22], [@bib55], [@bib56]. *Leishmania* parasites successfully acclimate to oxidative and nitrosative burst conditions encountered during host pathogen interaction; necessary for the establishment of infection [@bib16], [@bib57]. Cysteine is the building block of all thiols and is the precursor molecule for glutathione and trypanothione biosynthesis. Therefore, availability of sufficient cysteine is of paramount importance for maintenance of highly efficient arsenal to combat with the deleterious effects of ROS. In the present study, we elucidated the role of LdCS in the acquisition of drug resistance and redox homeostasis of *Leishmania* which is largely mediated by thiol pathway proteins. First, we demonstrated that over-expression of LdCS imparts stress tolerance and drug resistance to sensitive parasites by modulating the thiol pathway and antioxidant enzyme machinery. Later, we validated up-regulation of LdCS in clinical resistant isolates and infective stationary stages of growth.

CS roles in survival and growth under oxidative stress conditions have been studied in plants [@bib45], [@bib58] and *Entamoeba histolytica* [@bib59]. Till date only a single study in L. *braziliensis* has been carried out to emphasize the crucial role of CS in oxidative stress tolerance [@bib60]. To elucidate the role of CS in thiol mediated drug resistance in *L*. *donovani* parasite at molecular level, we transfected the episomal construct (pXG-LdCS-GFP^+^) in the Amp B sensitive *L. donovani* strain. Our results revealed that LdCS over-expressor (S1-OE) parasites conferred resistance to Amp B and SAG ([Fig. 2](#f0010){ref-type="fig"}). Amp B and SAG induces ROS mediated killing of parasites which decreases dose dependent viability of both S1-OE and S1 parasites but S1-OE parasites are better stress tolerant as compared to S1 parasites. Thus LdCS over-expression may play a pivotal role in drug unresponsiveness which may be due to the up-regulated thiol machinery; accompanied by higher thiol content. Similarly, increased thiol content has been reported earlier is implicated with drug resistance mechanisms in *Leishmania* parasites [@bib34], [@bib35], [@bib61].

Further, we found that S1-OE parasites were less susceptible towards ROS inducers and successfully withstand/nullified the deleterious effects of oxidative challenge during H~2~O~2~ and menadione treatment ([Fig. 3](#f0015){ref-type="fig"}). Similar observation was previously reported in the protozoan parasite *E. histolytica* where over-expression of CS resulted in increased resistance towards H~2~O~2~ [@bib59]. Likewise, over-expression of CS in *Arabidopsis thaliana* resulted in increased tolerance towards heavy metals and oxidative stress, accompanied by increased cysteine availability [@bib62]. Moreover, the over-expression of bacterial gene encoding for CS in tobacco plants also resulted in elevated level of thiols; accompanied with tolerance towards stress conditions [@bib58], [@bib63], [@bib64] indicating the conserved role of CS in imparting stress tolerance. An up-regulated LdCS and thiol pathway proteins activity is expected to be associated with a higher level of downstream product *i.e.* total reduced thiol content. Previously, over-expression of CS in *E. histolytica* showed that the transfected cell lines had a higher level of CS activity associated with increased total thiol content [@bib59]. Likewise, we observed that S1-OE parasites exhibited reduced ROS levels and enhanced thiol content which indicates that these parasites alleviate intracellular ROS efficiently by maintaining the reduced thiol pool ([Fig. 5](#f0025){ref-type="fig"}).

In Trypanosomes including *Leishmania*, antioxidant enzymes help in maintaining the redox potential of the cell; thus forming an important part of parasite defense mechanism against oxidative stress. The major metabolic proteins which play pleiotropic role in redox homeostasis and drug resistance are the T(SH)~2~-dependent peroxidase, SOD, APx and GST [@bib18], [@bib40], [@bib65]. As reported, T(SH)~2~-dependent peroxidase and tryparedoxin couple constitutes efficient peroxide detoxification machinery for the parasites; aptly associated with drug resistance [@bib13], [@bib18], [@bib66]. SODs are metalloproteins which detoxifies superoxide anions (O~2~^-^) by converting them to molecular O~2~ or H~2~O~2~ [@bib67]. Over-expression of FeSODA has been reported to enhance the response of *L. donovani* parasites to stress generated by peroxides; however significant changes in the expression levels of two other superoxide dismutase\'s (SODB1 and SODB2) were not observed [@bib40]. APx is involved in the detoxification of H~2~O~2~ using ascorbate as a substrate. As reported, over-expression of APx in L. *major* resulted in enhanced tolerance towards oxidative stress induced apoptosis and protein damage [@bib68]. Similarly, up-regulation of APx in *L. donovani* during oxidative/nitrosative stress have been reported by our group [@bib40]. GST catalyzes the conjugation of reduced GSH to peroxides and xenobiotics for detoxification. Previous studies carried out in *T. cruzi* [@bib69] and *L. donovani* [@bib40] have highlighted the importance of GST enzyme in the survival of the parasites under oxidative stress conditions. Over-expression of CS in *L*. *donovani* augmented the ROS-primed up-regulation of antioxidant enzyme activities of LdCS, T(SH)~2~-dependent peroxidase, SOD, APx and GST on exposure to lethal stress doses ([Fig. 6](#f0030){ref-type="fig"}). The lower antioxidant enzyme activities in the S1 parasites under stress conditions may be due to stress induced error in global translation machinery; leading to the synthesis of enzymes in a functionally inactive form. This leads to accumulation of excess ROS in S1 parasites as compared to S1-OE parasites ([Fig. 5](#f0025){ref-type="fig"}), which proves to be lethal for the parasites, as observed in the viability assay ([Fig. 3](#f0015){ref-type="fig"}). In conclusion, LdCS over-expression modulates antioxidant enzymes activities in S1-OE parasites which may aids in more efficient quenching of ROS generated after oxidative stress treatment in the S1-OE parasites as compared to the S1 parasites; leading to enhanced survival.

Exposure to oxidative stress conditions cause changes in gene expression levels which form an important part of cellular defense mechanism and is mainly achieved at post transcriptional level in *Leishmania* [@bib70]. Previously, up-regulation of thiol pathways proteins *viz.* TryS, TryR, *γ*-glutamylcysteine synthetase (*γ*-GCS), ornithine decarboxylase (ODC), cTXN and cTXNPx in *L. donovani* [@bib20], [@bib71], [@bib72], *L*. *braziliensis* [@bib73], [@bib74], *L. infantum* [@bib73], [@bib74] and *L. tarentolae* [@bib36], [@bib75] have been reported to play a major role in ROS scavenging mediated stress tolerance and drug resistance. Recently, it was reported that expression of mTXN and mTXNPx proteins was also 12 and 4 fold higher in antimony resistant *L. infantum* canine isolates but differences in the expression of cytosolic isoforms of TXN and TXNPx were not observed in this study [@bib76]. This suggests that either these isolates are different or canine isolated parasites differ from human isolates because antimony resistant isolates reported so far showed up-regulation of cytosolic isoforms of TXN and TXNPx [@bib77], [@bib78], [@bib79]. In addition, a previous report describing kinetics of T(SH)~2~ biosynthesis in *Trypanosoma cruzi* [@bib80] also supports the role of *γ*-GCS and TryS proteins in counteracting oxidative stress conditions. This study suggested that main control flux is regulated by *γ*-GCS and TryS proteins, followed by spermidine transporter, TryR and T(SH)~2~-dependent thiol pathway enzymes [@bib80]. CS may also play a crucial role in regulating the T(SH)~2~ biosynthesis pathway because it provides cysteine for the biosynthesis of *γ*-glutamylcysteine and glutathione by *γ*-GCS and glutathione synthetase enzymes, respectively [@bib6]. In this context, the observed up-regulation of thiol pathway proteins in S1 ([Fig. 7](#f0035){ref-type="fig"}) and S1-OE ([Fig. 8](#f0040){ref-type="fig"}) parasites on treatment with ROS inducers support the established role of these proteins in stress tolerance. Moreover, the significantly higher dose tolerance of ROS inducers in S1-OE parasites suggests a potent role of LdCS in stress tolerance. The cohesive up-regulation of these thiol pathway proteins in conjunction with LdCS up-regulation may contribute synergistically to enhance stress tolerance and acquisition of drug resistance.

So far, to the best of our knowledge, the link between T(SH)~2~ and cysteine biosynthesis pathways has been unexplored. Supplementation with methionine in culture medium significantly increases the concentration of both cysteine and trypanothione whereas extracellular addition of cysteine does not cause a similar increase in the trypanothione and glutathione levels in *Leishmania* [@bib32]. Thus, this study suggests essential role of cysteine biosynthesis pathway for trypanothione biosynthesis and highlights the reason for retaining this pathway in protozoan parasites including *Leishmania*.

Logarithmic and stationary stages are the two major growth stages of *Leishmania* promastigotes life cycle, each stage having distinct metabolic and phenotypic features. During logarithmic stage, majority of the metabolic machineries are routed towards cell division, whereas, during stationary stage, differentiation from promastigotes to infective metacyclic occurs. As reported, stationary stage parasites are also linked with a shift towards up-regulated tricarboxylic acid cycle, *β*-oxidation and oxidative phosphorylation [@bib81] which could result in increased bioavailability of acetyl Co-A and may favor *de novo* cysteine biosynthesis, although this remains to be proved experimentally. Majority of the variations in the stationary stages are aimed at either increasing the survival during infection or increasing the virulence of parasites. This metabolic shift involves alteration in the expression level of many proteins and their downstream metabolites, as exemplified by previously reported up-regulation of LdTryS protein of thiol metabolic pathway [@bib20]. In the present study, we identified a similar up-regulation of LdCS expression/activity during stationary stages ([Fig. 9](#f0045){ref-type="fig"}) and, importantly, accompanied by an increase in total intracellular reduced thiol content ([Fig. 10](#f0050){ref-type="fig"}) which justifies the up-regulation of both LdTryS as well as LdCS enzymes, the former responsible for biosynthesis of trypanothione and the later responsible for supplying the precursor moiety of trypanothione *i.e.* [L]{.smallcaps}-cysteine. Thus, two different pathways cooperatively interact with each other to enhance trypanothione biosynthesis during stationary stages and hence, redox homeostasis. An increase in trypanothione biosynthesis would be an imperative imposition on stationary stage parasites because being the preparative phase before infection, the parasites need to armor themselves with efficient redox detoxification machinery to promptly counteract the oxidative/nitrosative burst and hostile conditions inside the macrophage during infection. In this context, our *ex vivo* infectivity studies of S1 and S1-OE parasites ([Fig. 11](#f0055){ref-type="fig"}) demonstrated that percentage of infectivity and number of amastigotes per infected macrophage was significantly higher with S1-OE parasites as compared to S1 parasites. LdCS over-expression enhances the infectivity of *L. donovani* parasites. Stress tolerant parasites are known to exhibit higher viability and/or infectivity as shown in several previous studies on CS [@bib59], [@bib60], cTXN [@bib82], cTXNPx [@bib72] and mTXNPx [@bib83] proteins. As LdCS over-expression augments the level of these proteins ([Fig. 8](#f0040){ref-type="fig"}) and enhances the stress tolerance ([Fig. 3](#f0015){ref-type="fig"}) of parasites, the higher infectivity of S1-OE may be attributed to the cumulative effect of these proteins and strongly suggests the predominant effect of LdCS up-regulation on the redox homeostasis and infectivity of parasites.

*Leishmania* has two pathways for generating cysteine whereas many organisms including pathogenic parasites cope very well with just a single source. *T. rangeli* and *T. brucei* possess only the reverse transsulfuration pathway for cysteine biosynthesis [@bib45], [@bib84]; whereas *Entamoeba* solely possesses *de novo* or assimilatory pathway [@bib28], [@bib32], [@bib33]. The redundancy to have these two alternate routes for cysteine synthesis in *Leishmania* spp. may be related to the availability of exogenous nutrients, which differs considerably between the invertebrate sand fly and mammalian hosts [@bib32]; promastigotes reside in a glucose rich, amino acids scarce, slightly alkaline environment in the sand fly vectors, whereas, amastigotes have to cope with an acidic environment inside human macrophages where glucose is deficient and amino acids are abundant [@bib85]. Indeed, axenic amastigote stage of *L. donovani*, *L. panamensis* and *L*. *braziliensis* possess higher expression levels of CS protein as compared to their non-infective stage (promastigote) [@bib33], [@bib60], [@bib86]. These previous studies and our *ex vivo* infectivity results suggest a general mechanism of up-regulation of CS while approaching the infective stage (amastigote); aptly to armor with a highly equipped arsenal of intracellular thiol pool.

In conclusion, our study provides evidences that the over-expression of LdCS armors the pathogen with efficient thiol proteins dependent redox detoxification machinery; culminating into enhanced drug unresponsiveness. Stage and strain dependent differentially regulated LdCS expression could be due to the metabolic requirements of the parasite in order to maintain efficient thiol pool for cellular redox homeostasis to counteract hostile environment. Previously, many proteins of thiol metabolism have been explored as drug targets [@bib14], [@bib87] but the potential role of cysteine biosynthesis pathway components in *Leishmania* as drug target has remained to be investigated. Since the cysteine forms the basic building block of all thiols and the mammalian host lacks the pathway for *de novo* cysteine biosynthesis, CS may serve as a promising drug target worth future investigation for drug development against leishmaniasis.
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